The abundance of the sardine in the North Sea suddenly increased after 1995. Since 2002, the sardine has been spawning regularly in the German Bight, and all its life stages can be found in the area. The larval feeding ecology of two small pelagic clupeiform species with very similar life histories was investigated, the particular aim being to determine signs of food overlap. The distribution and feeding of sprat and sardine larvae were investigated during late spring 2003 on two transects * This work was conducted within the framework of the GLOBEC Germany project, with financial support from BMBF (03F0320C).
Introduction
Small pelagic fish comprise important ecological links between plankton production and higher, piscivorous trophic levels (Bakun 2006) ; these fish are of substantial economic importance. Their management is, however, challenged by a highly variable recruitment success and hence large stock fluctuations. In particular, factors acting on the early life-history stages have been identified as contributing variability in recruitment and stock abundance (e.g. Cury & Roy 1989 , Fortier & Villeneuve 1996 , Köster et al. 2003 . Among the processes suggested as influencing egg and larval survival are predation (Sissenwine 1984 , Köster & Möllmann 2000 , variable ocean circulation patterns (e.g. Iles & Sinclair 1982) and food limitation. Food limitation at the time of first feeding was suggested as an important factor regulating recruitment success as early as 1914 by Hjort, who formulated the 'critical period concept'. In putting forward the 'match-mismatch' hypothesis Cushing (1974) argued that the temporal coupling or decoupling of the production maxima of fish larvae and their prey organisms are the major source of recruitment variability. The 'stage duration hypothesis' (Houde 1987) states that larval growth rate is another important factor influencing larval mortality. Favourable feeding conditions increase larval growth rates; consequently, larvae can better overcome critical life stages. Body size of both predator and prey is linked directly to foraging success, and the relationship between prey and predator size determines the outcome of species interaction (Scharf et al. 2000) . During larval development mouth size increases and prey-searching ability improves, with mean prey size increasing in parallel (Sabatés & Saiz 2000) . In larval fish, the prey-niche breadth has been calculated to remain generally constant (e.g. Pearre jr. 1986 , Munk 1992 , 1997 or to increase (Pepin & Penney 1997) with increasing larval size.
Several studies assume that abiotic environmental parameters have a significant effect on larval feeding success and survival (e.g. Nakata et al. 1994 , Dower et al. 2002 . Whereas temperature and oxygen may influence larval mortality directly, other parameters, e.g. turbulence, may influence larval survival indirectly as a result of their impact on plankton production and concentration (MacKenzie et al. 1994 , Solow 2002 . Frontal systems often provide zones of high food availability for fish larvae or other planktivorous predators (Munk 1993 , Morgan et al. 2005 owing to high primary production and chlorophyll a values (e.g. Pingree et al. 1975 , 1978 , Pedersen 1994 , Danovaro et al. 2000 as well as aggregation of zooplankton (e.g. le Fèvre 1986) . Therefore, the identification of feeding parameters related to the physical environment is of paramount importance for evaluating the environmental effect on survival and recruitment. However, starvation mortality is determined not only by prey abundance, but also by the abundance and skills of other predators competing for the same source of prey.
In the North Sea, the sprat (Sprattus sprattus L.) is the dominant small pelagic fish species. The German Bight, the British coast from Scotland to the English Channel and the northwest coast of Jutland are identified as the three main spawning areas for the sprat in the North Sea (Aurich 1941 , Daan et al. 1990 ). In the German Bight, young life stages appear to aggregate temporarily because of the area's retention character (Bartsch & Knust 1994) . In the area itself spawning of sprat peaks from May to July (Alheit et al. 1987) ; at this time, larvae are released into a highly productive system (Tillmann et al. 2000) . The shallow German Bight (20-40 m depth) has a complex and spatially variable hydrography owing to the influence of seasonal warming, river discharge and (semidiurnal) tidal mixing. This results in the formation of hydrographic fronts. The recruitment level and spawning stock of the sprat have shown strong variations in recent years (ICES 2007) .
The sardine (Sardina pilchardus W.) is traditionally an important commercial fish species in the coastal waters off Portugal and northern Spain (Robles et al. 1992) . The distribution areas are the North Atlantic, the Mediterranean, the Adriatic and the Black Sea (Muus & Nielsen 1999) , and the main spawning grounds are along the coasts of Portugal and northern Spain as well as along the English Channel. Like the sprat, the sardine is a batch spawner with peak spawning from April to May on the coast of Spain (Chícharo 1998) . The latter occurred episodically in the German Bight during the periods 1948 -52, 1958 -60 (Aurich 1953 , Postuma 1978 -94 (Corten & van de Kamp 1996 . Based on results of the International Bottom Trawl Survey of ICES, Beare et al. (2004) showed that the abundance of sardines in the North Sea increased suddenly after 1995. The GLOBEC Germany project demonstrated that sardines have been spawning in the German Bight since 2002 (J. Alheit, personal communication). All life stages were found in the area: eggs, larvae, juveniles and adults.
The recent invasion of sardines into the North Sea raises a highly interesting question: What are the feeding habits of these two small pelagic clupeiform species with very similar life histories (Hunter & Alheit 1995) ? Such information is needed in order to predict potential future recruitment scenarios and to assess how these species can co-exist in the same area.
Our hypotheses were that sprat and sardine larvae caught in the German Bight used different prey items, and that their spatial distributions did not overlap. To test these hypotheses, the distribution and feeding of sprat and sardine larvae during late spring 2003 were investigated on two transects covering a wide range of environmental conditions in the German Bight.
Material and methods

Sampling
Sampling took place during June 2003 on two perpendicular transects (T1, T2) in the German Bight (Figure 1 ). Vertically resolved larval samples were collected on each transect. At T1 only 5 of 7 stations were used for gut content analysis; on T2 all four stations could be used. Additionally, profiles of conductivity, temperature and depth (CTD) were recorded at each station, including measurements of chlorophyll a distribution. Because sardine and sprat larvae feed only during daylight (Voss et al. 2003 , Dickmann et al. 2007 ), larvae were only sampled during daytime with a towed multinet (mouth opening 0.5 m 2 , 335 µm mesh size). In mixed water columns samples were taken at each station at the surface, near the bottom and at the depth of the chlorophyll peak, if this had formed. At stratified stations larvae were sampled above, within and below the thermocline. Abundances (n × m −3 ) were recorded using information on filtered volumes.
The zooplankton prey field was recorded in parallel to the sampling of fish larvae at each station. Vertical hauls were performed with a small multinet (mouth opening 0.25 m 2 , 50 µm mesh size) deployed in 5 m steps down to 35 m. Abundances (n × m −3 ) of zooplankton species were calculated. All samples were preserved in a 4% borax buffered formaldehyde solution for later laboratory analyses.
Laboratory analyses
In the laboratory, the standard length (SL) of 270 sprat and 451 sardine larvae was measured to the nearest 10 µm. The entire alimentary canal of each individual larva was removed, opened and the gut contents analysed under a stereomicroscope. The analyses were conducted by first counting the intact individuals and afterwards checking for the remains of individuals in a more advanced stage of digestion (e.g. mandibles). Where possible, all prey particles were identified to species level. Five copepod stages were resolved, including nauplii (N), early copepodites (C1-3), late copepodites (C4-5) and adults (C6). Nauplii of Pseudocalanus spp., Paracalanus spp., and Calanus spp. were pooled as 'Clausocalanoid nauplii'. All diatoms, ciliates and other unidentifiable small cells and microplankton remains were grouped together as 'microplankton'. The 'other plankton' group contained mainly copepod eggs and bivalve larvae as well as synchaeta and polychaeta. Zooplankton samples were also analysed under a stereomicroscope, and the same sorting protocol was applied as for the larval gut contents. The length and width of prey items in larval guts and from plankton samples were measured to the nearest 10 µm. The dry weight of all copepod stages was calculated by applying the estimates of Hernroth (Henroth ed. 1985) and Mauchline (1998) , while that of synchaeta was calculated by applying the estimates given by Hernroth (1985) and Mullin (1969) . The dry weight of copepod eggs was taken from Kiørboe & Sabatini (1994) , that of bivalve larvae and polychaete larvae from Nickolaus (unpubl. data). The dry weight of microplankton, diatoms and ciliates was calculated on the basis of estimates taken from Pelegrí et al. (1999) . No correction was applied for length changes resulting from the preservation of fish larvae or zooplankton.
Data analyses
To describe the dietary composition of sprat and sardine larvae the frequency of occurrence F(%) of each food item in all the guts of each species (excluding empty guts) was computed, as was the percentage dry weight of each food item W(%) as F (%) = 100n i N −1 and W (%) = 100S i S −1 t , where n i is the number of larvae with prey type i in their guts, N the total number of analysed guts, S i the mass of prey type i and S t the total gut content mass. To determine feeding trends both indices in 'Costello graphics' (Costello 1990) were used.
The food overlap of sprat and sardine larvae was calculated using Schoener's index (Schoener 1968) , D = 1 − 0.5 |P sprat, i − P sardine, i |, where P sprat, i and P sardine, i are the respective proportions for sprat and sardine for the i th prey item. A range between 0.25 and 0.74 was considered moderate, whereas values > 0.74 were defined as indicating substantial overlap (Pedersen 1999) .
To analyse prey selectivity, the mean prey abundance of all zooplankton sampling stations was compared with the abundance in the larval guts. Selectivity values were calculated only for the main prey items, i.e. developmental stages of the copepods Pseudo-/Paracalanus spp., Acartia spp. and Temora longicornis. In order to compare similar size ranges and to obtain sufficient numbers of larvae with enough food items to calculate selectivity indices, the larvae were grouped into three size classes (< 8.5 mm, 8.5 -< 14.5 mm, 14.5-18.5 mm). The index C (Pearre jr. 1982) was used to describe the feeding selectivity. C varies from −1 to 1, whereby −1 indicates avoidance and +1 shows absolute preference for a certain prey type. Significance was calculated using the χ 2 -test.
The Kruskal-Wallis rank sum test was used to test for differences in gut fullness between sprat larval size classes, and the Mann-Whitney U-test was applied to test for differences in gut fullness between species and between sardine larval size classes.
To investigate size-related trends in sardine larvae feeding, the relationship between log-prey and larval length as well as trophic niche breadth was studied. For the prey-size to larval-size relationship, the mean of the logarithmic prey lengths in each larval size class was estimated. Niche breadth was computed as the standard deviation of the mean logarithmic prey size in each predator size class (Pearre 1986). 1 mm larval size classes were chosen so as to obtain the maximum number of predator size classes containing 3 or more prey entries.
Owing to the low number of possible prey length measurements, mean log-transformed prey length and niche breadth were calculated only for the sardine larvae and compared with literature values for the Baltic sprat (Dickmann et al. 2007 ).
Results
Physical environment and larval distribution
Co-occurring sprat and sardine larvae were found at all stations and in all the investigated depth layers (Figures 2, 3) . . Temperature (top) and salinity (bottom); black lines indicate sampling stations, pie charts illustrate the abundance and composition of fish larvae at the sampling depths; white -proportion of sprat larvae, black -proportion of sardine larvae A total of 270 sprat and 451 sardine larvae were investigated for dietary composition along both transects (Table 1 ). The Mann-Whitney U-test showed a significantly higher mean larval length for both larval species on T1 compared to T2 (p < 0.0001 for sprat larvae, p < 0.005 for sardine larvae). Further sprat larvae were significantly larger than sardine larvae on both transects (T1: p < 0.0001, T2: p < 0.005).
River discharge, indicated by higher temperatures and lower salinities, was conspicuous at both coastal stations of T1 (Figure 2) , where a higher Figure 3. Hydrography of transect 2 (T2). Temperature (top) and salinity (bottom); black lines indicate sampling stations, pie charts illustrate the abundance and composition of fish larvae at the sampling depths; white -proportion of sprat larvae, black -proportion of sardine larvae proportion of sprat larvae was found. Further offshore, temperature decreased and exhibited stratification, whereas at the same time salinity increased. In this stratified area sardine larvae tended to remain in the upper, warmer water layers, while sprat larvae stayed in the deeper, colder water layers. At station T2 sprat larvae were most abundant in the stratified, cooler waters farther offshore. Sardines were most abundant at the warmer, mixedwater station closest to the coast (Figure 3 ).
Dietary composition
General diets. The general dietary composition of both species was similar (Table 2 ). Clausocalanoid nauplii were the most important prey, followed by unidentified copepods. The proportion of older developmental stages (copepodites and adult copepods) was relatively high in this group. Acartia spp., Temora longicornis and Oithona spp. made up similar shares in the dietary composition of sardine larvae. While sardine larvae fed almost exclusively on copepod nauplii, sprat larvae ingested a larger number of copepodite and adult stages (Table 2) . However, it has to be noted that the underlying larval size-distributions were different, i.e. the inclusion of large sardine larvae might have changed the picture.
Size−specific feeding. With increasing size of sprat larvae, a trend towards larger prey items was obvious. Clausocalanoid nauplii were by far the most important prey item for small sprat larvae (3.5 -< 8.5 mm) followed by the group of unidentified copepods (Figure 4 ). In the 8.5 -< 14.5 mm length class clausocalanoid nauplii were the most frequently occurring prey, while unidentified copepods dominated by weight. Pseudo-/Paracalanus C4-5 Table 2 ranked second in terms of weight, but occurred only in small numbers. In the largest length class (14.5 -< 18.5 mm) Acartia spp. C1-3 (numbers) and Pseudo-/Paracalanus C6 (weight) were the most important prey groups.
In the diet of sardine larvae clausocalanoid and unidentified copepod stages were the most important prey types for larvae up to 14.5 mm in length ( Figure 5 ). Sardine larvae < 8.5 mm preyed mostly on clausocalanoid nauplii, while unidentified copepod stages dominated the diet of larger sardines.
Food overlap
Values of food overlap were moderate to high at all stations. A substantial food overlap -according to the definition of Pedersen (1999) -was found for 2 stations, one on each transect (Table 3) . For station 1 no overlap was calculated, as no feeding sprat larvae were found there. Food overlap between different size classes was always moderate to high (Table 4) . There was substantial overlap in the < 8.5 mm size class on both transects. On transect 2 sprat larvae < 8.5 mm additionally showed considerable overlap with sardine larvae of the 8.5 -< 14.5 mm length class, the overlap being Table 3 . Food overlap values of sprat and sardine larvae (Schoener, 1968 mainly within the group of unidentified copepods. Hence, while there is overlap in prey size, there is no proof of a substantial overlap at the species level.
Selectivity
Small and medium-sized sprat larvae (< 14.5 mm) showed significantly positive selectivity values for clausocalanoid nauplii (Figure 6 ). Larvae > 14.5 mm significantly selected for Acartia spp. C1-3, T. longicornis C1-3 and Pseudo-/Paracalanus adults. Small and medium-sized sardine larvae also significantly favoured clausocalanoid nauplii. Pseudo-/Paracalanus C1-3 and Acartia spp. C1-3 were avoided by sardine larvae < 8.5 mm. For no other prey groups were statistically significant selection values found. * indicates significant selective feeding at the 5% level; for abbreviations, see Table 2 3.5. Feeding success
The Mann-Whitney U-test also revealed no significant differences in the index of gut fullness (numbers or weight) between sprat and sardine larvae, either on T1 (numbers: p = 0.37 and weight: p = 0.07) or on T2 (numbers: p = 0.70 and weight: p = 0.98). Furthermore, no significant differences in gut fullness were found between sprat and sardine larval size classes (sprat: Kruskal-Wallis rank sum test, p = 0.67; sardine: MannWhitney U-test, p = 0.5). However, the Mann-Whitney U-test showed significant differences in gut fullness in terms of weight between transects for both species (p < 0.0005 for sprat larvae and p < 0.005 for sardine larvae), indicating variability between the transects.
Predator-prey relationship of sardine larvae
A slight increase in prey length with larval length, though not significant, was observed. The logarithmic mean size of prey also showed a slight increase with sardine length, but was not significantly correlated (p < 0.1, Figure 7 ). Trophic niche breadth was independent of larval size, too, and did not change over the investigated size range. Interspecific comparison of the logarithmic mean size of prey and niche breadth was not possible due to the low sample number of prey size measurements from the guts of sprat larvae. 
Discussion
A comprehensive study of the feeding ecology of sprat and sardine larvae was carried out in the German Bight. Sardine larvae had not been observed for several decades in the German Bight. Some evidence exists that in recent years the abundance of the sardine and other predominately southern species has increased in the northern North Sea (e.g. Beare et al. 2004 ). This has opened the way for potential food competition between the larvae of these two clupeid species.
Zooplankton and larval distribution in relation to the physical environment
Although only moderate changes in temperature and salinity were found on both transects, the water bodies of frontal systems (mixed, transition, stratified) were clearly distinguishable. Several studies have found a relationship between the physical environment in frontal systems and biological patterns (e.g. Munk 1993 , Rissik & Suthers 1996 . Because of the anticipated high chlorophyll a values and primary production at the front (e.g. Pingree et al. 1975 , 1978 , Pedersen 1994 , Danovaro et al. 2000 , a higher zooplankton density would be expected there than in adjacent waters (e.g. le Fèvre 1986 ). Aggregation of phyto-and zooplankton would be assumed to cause higher abundances of predators in frontal systems (Morgan et al. 2005) . In the present study higher chlorophyll a values were not observed at the frontal stations (M. Dickmann, pers. comm.), and there was accordingly no aggregation of larvae at the frontal zones. Furthermore, no difference in feeding success between the stations was recorded. Sardine larvae displayed a preference for warmer, highly saline water, whereas sprat larvae tended to stay in colder water with a lower salinity. However, more data would be needed to resolve habitat participation in relation to ambient physical conditions.
Dietary composition
Copepod stages were identified as the most important food source for sprat and sardine larvae in the German Bight. This is in accordance with previous studies in different regions (e.g. Last 1980 , Conway et al. 1991 , 1994 , Kurts & Matsuura 2001 , Voss et al. 2003 . Clausocalanoid nauplii dominated the gut contents of sprat and sardine larvae in the < 14.5 mm size class and were positively selected by both species. Jiang & Paffenhöfer (2004) suggested that continuous swimmers like the nauplii of Paracalanus quasimodo should be positively selected, because of their lower sensitivity to hydrodynamic signals and their inefficiency in remotely detecting predators, as compared to nauplii that move in a 'jump -sink pattern' (Titelman & Kiørboe 2003 , Jiang & Paffenhöfer 2004 . This effect could have contributed to the observed high selection of clausocalanoid nauplii by both species. Sprat larvae in the larger size classes preyed selectively on copepodites of Acartia spp. and T. longicornis as well as on adult copepods of Pseudo-/Paracalanus spp. Checkley jr. (1982) assumed that adult Pseudocalanus spp. should be positively selected by herring larvae -because these copepods are unable to accelerate rapidly, they cannot make a quick escape from a predator. Furthermore, Viitasalo et al. (2001) observed that adult Pseudocalanus elongates exhibit a weak escape response and a small sensitivity to hydrodynamic signals. Acartia spp. perform a weak escape jump with a small escape distance (Viitasalo et al. 2001) , which is positively related to a predator's success of attack (e.g. Caparroy 2000) . Both the poor alertness of Pseudocalanus spp. and the very weak escape response of both copepod species could have contributed to the observed selection of these prey types. However, selectivity estimates may be biased if zooplankton samples do not reflect the zooplankton abundances where the larvae were feeding (Arrhenius 1996) . The small-scale patchiness of larvae and prey distribution in a turbulent environment makes it difficult to relate larval feeding to the food environment (e.g. MacKenzie et al. 1990 , Pepin 2004 ). In the present study larvae and zooplankton were sampled at the same stations and in the same depth range; nevertheless, selectivity indices were probably influenced by the integration of all stations. This integration over a large number of samples was necessary, however, owing to the generally low numbers of feeding larvae and ingested prey items.
Predator and prey-size related feeding
Capture success increases with larval development (Houde & Scheckter 1980) because older larvae move at a higher cruising speed, which has a positive effect on the frequency of larval prey encounter (Hunter 1981) . Consequently, several studies reported a positive relationship between larval size and the number of ingested prey organisms in different fish species (Sabatés & Saiz 2000 , Viñas & Santos 2000 , Cass-Calay 2003 . In contrast, Kurtz & Matsuura (2001) observed a constant decline in the proportion of feeding Brazilian sardine (Sardinella brasiliensis) larvae with larval size. This result, unexpected for fish larvae in general, was confirmed by Conway et al. (1991) , who found a decrease in gut fullness in small (< 10 mm) to medium-sized (10-15 mm) sardine larvae. In the present study, the difference in feeding success of different-sized sardine larvae was not significant.
For sprat larvae this study found only a slight, non-significant increase in feeding success over the complete size range of larvae investigated (3.5-18.5 mm). This is in accordance with results reported for Baltic sprat larvae < 15.5 mm long (Dickmann et al. 2007 ). However, for Baltic sprat larvae > 15.5 mm in length a pronounced increase in the number of prey items in the guts was observed that was not found in the North Sea. The feeding success of small, first-feeding larvae in the North Sea was substantially higher compared to the Baltic (Dickmann et al. 2007 ), indicating that this larval stage is probably less critical in the North Sea than in the Baltic.
As the feeding success of both species was not significantly different over the entire investigated size range, no obvious competitive advantage could be determined for either of the species.
Previous studies (e.g. Last 1980 , Conway et al. 1994 , Sabatés & Saiz 2000 , Voss et al. 2003 showed that the size of prey ingested by the larvae of several fish species increases throughout larval development because of their improving ability to cope with larger prey (Last 1980) . The same significant correlation was found for sprat larvae in the German Bight. For sardine larvae, a greater weight of unidentified copepodite stages between the small and medium size classes indicates a similar trend. This is in agreement with Conway et al. (1994) , who reported an elevated proportion of copepodites in the guts of sardine > 15 mm, and with Nakata (1998) , who reported the preference of the Japanese sardine (Sardinops melanostictus) > 20 mm for adult copepods.
Feeding theory predicts that, under food-limited conditions, the niche breadth of larval fish should increase owing to the ingestion of a wider range of prey sizes (Werner & Hall 1974 , Bartell 1982 , Reiss et al. 2005 . However, several studies have found no significant relationship between niche breadth and larval size (e.g. Pearre jr. 1986, Munk 1992 , Reiss et al. 2005 . Pepin & Penney (1997) reported an increase in niche breadth with larval growth for 6 out of 11 species investigated, whereas Scharf et al. (2000) observed a decrease in the breadth of relative prey sizes for several investigated fish species. The niche breadth of sardine larvae in 2003 exhibited no correlation with larval length; this result led to the inference that there was no food limitation. However, the restricted size distribution of larvae and the limited temporal coverage of sampling preclude more general conclusions.
In comparison, the niche breadth of Baltic sprat larvae was observed to increase linearly until a length of c. 16 mm (Dickmann et al. 2007) . Beyond that length, larger larvae had a narrower and highly variable niche breadth. This pattern was explained by a combination of larval growth and the seasonal plankton cycle. The results of Dickmann et al. (2007) showed that any evaluation of the relationship between larval size and niche breadth has to take the taxonomic and size composition of the prey field into consideration. In the German Bight nauplii were by far the most abundant meso-zooplankton group. It is assumed that small sardine larvae are limited to small food items, i.e. nauplii, by their poor swimming ability and small mouth size. This has resulted in a restricted size range of prey items and consequently a small niche breadth. Larger larvae did not increase their niche breadth; they may have been restricted by the nauplii-dominated food supply in the field. Despite the low abundances of larger food items during this study, sprat and sardine larvae exhibited feeding incidences comparable with those found in other studies (Conway et al. 1994 , Kurts & Matsuura 2001 , Voss et al. 2003 , similar growth (Huwer 2004 ) and good nutritional condition (Holtappels 2004) . Aurich (1953) suggested that the northward shift in the distribution of the sardine into the North Sea observed in the late 1940s had been caused by a higher sea surface temperature (SST) and changes in the current system. Although Aurich (1953) related the spread of sardines at that time to climate variability, the recent influence of global warming has to be considered as well. According to expert knowledge a further increase in water temperatures in the North Sea can be expected (IPCC 2007) , bringing with it a further improvement in living conditions for sardines.
Conclusions
The food overlap analysis confirmed that sprat and sardine larvae share a wide range of prey types (Conway et al. 1994 , Kurts & Matsuura 2001 , Voss et al. 2003 . Competition for food is possible and gut fullness and feeding success were similar in both species. However, direct competition seemed to be avoided to some extent as a result of different preferences in ambient conditions. Co-existence therefore seems likely in the future.
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